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rl I N V E S T I W I O N  OF MECHANISMS OF BLbE FAILURE OF 

FORGED J3ASTELLOY B AFTD CAST STEXLEE 21 

TURBINE BLADES IN TURBOJET ENGINE 

By C .  Yaker, C .  F. Robards, and F. B. Garrett 

An investigation was conducted t o  determine  the mechanisms of 

I and S t e l l i t e  21, a precision-cast  cobalt-base  alloy, when operated 
f a i l u r e  of turbine  blades  of.Eastelloy B, a forged  nickel-base  alloy, 

i n  a J33-9 turbojet  engine. The blades w e r e  a l te rna te ly  spaced i n  a 
16-25-6 alloy ro tor  and subjected  to  simulated  service  operation con- 
sisting of  20-minute cycles (15 rain a t  rated  speed and approximately 
5 min at  idle) .  The engine' conditions a t  rated speed were ll,500 rpm 
and a gas  temperature  of l25Oo F at the exhaust-cone out le t .  For  these 
operating  conditions,  the  estimated maxim blade  temperature i n  the 
normal zone of f a i l u r e  was 1500° F and the  centrifugal stress i n  this 
zone w a s  25,000 pounds per square inch f o r  the  Hastelloy B shd 
21,000 pounds- per square  inch for  t h e   S t e l l i t e  21 blades. 

The r e s u l t s  of stress-rupture tests on specimens cut from blades 
indicated that the miainwn blade l i fe  a t  rated  speed  should  be 
10.3 hours for  Hastelloy B and 21  hours f o r   S t e l l i t e  21. The f irst  
Hastelloy 3 blade  fa i led after 14.25 hours (57  cycles) at rated speed; 
the  first S t e l l i t e   2 1 b l a d e  failed after 16.75 huurs (67  cycles). 
Both of these failures originated a t  the trailing edges of the blades 
and were probably the result of excessive  vibratory stresses. Inter-  
crystall ine  cracking of  the  stress-rupture type was  detected  in  both 
alloys S t e r  16.75  hours  (67.cycPes) of operat ion.   Adat ional   fa i lures  
of  Hastelloy B blades  occurred after 18.47 h m s  (<74 cycles) and 
28.75 hours (ll5 cycles) at rated  speed 86 a result of the  propagation 

progressed  by  both  fatigue and stress-rupture mechanisms. After 
28.75 hours of operation, all but three of the  or iginal  27 Hastelloy B 

No add i t iona l   S t e l l i t e  2 1  failures occurred  up  to 28.75 hours 
(115 cycles) a t  rated conditions  except two blades  fractured  by  impact 

8 of the  previously formed intercrystall ine  cracks.  These f a i lu re s  

- blades had e i ther  falled or contained  stress-rupture-type  cracks. 
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with the fractured half of a  Hastelloy B blade. After 28.75 hours of 
operation,  stress-rupture-type  cracks had formed in   four  of the 
original Stollite 21 blades. 

One of the  principal  factors  l imlting the performance  time of gas 
turbines  used in current  jet  engines i s  the  operating l i f e  of the 
turbine  blades. Improvement of blade l i f e  i s  therefore one of the 
primary objectives of current  gas-turbine  research.  Laboratory  evalu- 
ations of heat-resistant al loys have established such elevated- 
temperature  properties E ~ B  stress  rupture,  creep, and fatigue strength 
wi.th the  realization that one or  a combination of all these  properties 
may define the l i f e  of a turbine  blade.  Before an alloy can  be selected 
f o r  use  as  a blade material, however, a determination of the   re la t ive 
importance of i ts  varlous physical  properties ' in  defining  blade  l ife 
is necessary. 

Engine operation of a turbine  blade can r e s u l t  in the following 
types of f a i l u r e  : 

(1) Creep-rupture fa i lure ,   resul t ing from centr i fugal   s t ress  and 
temperatures 

(a) Creep failure, blade  elongation. in excess of defined 
limits 

(b) Stress-rupture  failure,  blade  fracture  before  elongation 
exceeds  defined l imi t s  

(2) Fatigue failure, blade  fracture due to  al ternat ing stresses 

(3) Thermal-shock failure, blade  fracture due t o  thermal  stresses 
resul t ing from temperature  gradients 

Failures can also r e su l t  f r o m  the&combined ef fec ts  of several  mechanisms, 
fo r  example, a fatigue  failure  originating  at   a  crack produced  by  thermal 
s t resses .  Another type of failure i s  tha t   resu l t ing  from damage pro- 
duced by other   blade  fa i lures   or   fa i lure  of other  engine components. 
Because these  failures occur as the   resu l t  of extraordinary  conditions, 
they will not be  considered in  evaluating  the performance of the  blades. 

. . . . . .  . 

A comparison of the  results of blade  gerformance i n  a gas turbine 
with  existing data from standard laboratory  tests,  when conibined with 
a  determination of the mechanisms of blade  failure,  should yield a 
basis f o r  predicting  blade U e  from the known high-temperature  proper- 
ties of an alloy. 

1 



NACA RM E5lD16 3 

As par t  of the  over-all program to   invest igate   heat-resis tant  a l l oys  
” fo r   u se   i n   t u rbo je t  engines, an investigation was conducted a t  the 

IUCA Lewis laboratory to determine the high-temperature  properties 
that define  the  turbine-blade l i f e  of a forged  nickel-base  alloy, 
Hastelloy B, and a precision case cobalt-base  alloy,  Stell i te 21. 
The blades were a l te rna te ly  mounted in a 16-25-6 KUoy ro tor  and 

turbojet  engine. A t  intervals  during  the  engine  operation, the 
turblne blades were measured t o  determine the amount of blade  creep 
and inspected f o r  evidence of failure or  damage. Simultaneously  with 
the  engine  Operation  high-temperahme  stress-to-rup’cure tests were 
conducted  of  specimens cut from t he   a i r fo i l . s ec t ion  of blades of each 
a l l o y   t o  a l low a comparison of the  stress-rupture l ife of the  blade 
with  engine life. A t  the  conclusion  of  operation, a l l  blade and 
stress-rupture specimen fd l i z re s  were examined metal lurgical ly   to  . 
determine  the nature of the  or igin of failure and the  mechanism of 
f&ure propagation. 

(0 
cv 
-I 
Ey operated  under  cyclic (simlated service)  conditions i n  a 533-9 

Turbine Blades 

Fabrication hLstor?r. - 
Nominal S t e l l i t e  21 Hastelloy B 
chemical  (reference 1) (masufacber * 6 data) 

composition 
C cr Mo N i  C Mo Fe N i  

0.20- 25.00- -5.00- 1.75- 0.12 26.0- 4.0- Remain- 
.35 29.00 6.00 3.75 max. 30.0 7.0 der 

Mn si Fe co 
1.00 1.00 2.00 Remaic- 
m a x .  max. max. der 

Fabrication 

Heat treatment 

Precision  cast  Forged 

None 2 IU- at  1 9 0 0 ~  F, air- 

a h r  a t  150O0 F, air- 
cooled 

cooled 
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Beinstal la t ion  inspect ion.  - 
Radiographic .. All blades.  without flam . . .. 

opt ica l  
comparator 

Cross-sectional areas of several  blades c 
measured; e t ress~dis t r ibu t ions   ca lcu la ted  m 
by method described in reference 2 

h' 

InstallatLon (fig. 1). - 
Rotor 16-25-6 a l loy 

Totalnurnber of blades 54 

Blade posit ions  Alternated,  with  Stell i te 2 1  blades odd 
numbered and Hastelloy B blade8 even 
numbered 

Engine Operation 

Engine. - (Engine, fuel, and engine inatnunmtation  described in 
reference 3) 

TYP= Turbo jet- 

. 
- 

. .. - . .  

Designatim 

Nominal thrust 

compressor 

533-9 

4000 l b  

Dual-entry centrif'ugal 

4 

0 

15 

0 1 

- . .. 

Combustion chambers 14 

operating  cyclea. - 
Duration G a s  t e m p e r a b e  at Rotor  speed 

-l exhaust-cone outlet (rP4 
(see)  ( O F )  

. .. 

. .  

" . . 

30 400 f 50 I 1110 max. 
15 I Accmxtion t o  1450 f 50 

i 

0 1 11,500 2 50 1 I250 20 

15 1260 m a x .  Deceleration  to 
4000 

-. 

q e r a t i o n  was employed dura this   invest igat ion to 
simulate  the  start ing and shutdown condi thns encountered 
i n  service. ". . . .  

. ". 
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Observations  between  engine  operations. - 
Measurement of blade  and  Optical  extensometer  readings of an 
wheel  elongation  accuracy of 0.0001 in. .between  gage 

marks on two  blades of each alloy and 
on the turbine  wheel  (see  fig. 2) 

Location and detection Visual  examination  during  engine 
of blade cracks shutdown and  overhaul 

Blade  Specimen  Stress-Rupture  Tests 

Loading  system SFmple  beam  acting through system of 
knife  edges 

Furnace Resistance  type 

Temperature  control ’ Less  than 5O F variation along specimen; 
.- average  temperature variation f 2’ F 

Specimens 

Test  conditions 

Cut from center of blade a i r fo i l  section 
(see  fig. 3) 

Stress and temperature same as estimated 
at  midpoint of blade durFng engine opera- 
tion 

Blade  Examination  after  Testing 

Determination of reduction  Optical  comparator 
in area of a blade  of  each 
W O Y  

Examination of surface Low-power  microscope 
condition and fractures 

Location of blade  cracks  Fluorescent-oll exmination 

Hardness  distribution  Rockwell  hardness  tester 
along blades 

Microexamination of blade  Standard  metallurgical  equipment and 

men  failures 
- and s tress-rupture  speci-  procedures 
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RESULTS 

Blade Stress  Calculations 

The r e su l t s  of the stress  determinations  based on the measured 
cross-sectional weas and 11,500 rpm f o r  'the two alloys Hastelloy B 
and S t e l l i t e  2 1  are p lo t ted  is f igure 4.  The stress curve8 are based 
on the average  areas-of s i x  blades and an engine speed of U,500 rpm. 

. .  .. 
" 

Stress-Rup'cure Tests 

The r e su l t s  of the rupture   t es t s  on the  individual  Hastelloy B 
and S t e U i t e  2 1  specimens cut F r o m  blades i i e  listed i n  table I. 
Microscopic  examination of broken stress-rupture.specimens indicated 
that the  etress-rupture  fractures were i n t e r c r y s t a l l i n e   i n  both alloys 
(figs. 5 and 6). 

-ne Operation 

The r e s u l t s  of engine  operation and the blade examination after 
tes t ing axe l i s t ed   ch rono log icd ly   i n  table  I1 and. the %)-pes of- f a i lu re  
encountered are shown i n  figures 7 t o  14. 

" . 

Blade Elongation 

The r e su l t s  of the  elongation measurements on the  blades are pre- 
sented i n   f i g u r e  l5. Figure 16. shows the  time-elongation  curves for 
the  entire  blades and f o r  the gage sec t ioG.wi tb  a total   elongation a t  
the  conclusion of test of greater than 1 percent. There was no measure- 
able  elongation in the 16-25-6 alloy turbine rotor. 

.. . 

B l a d e  Reduction i n  Area 

The results of the  reduction  .in  area measurements' of a Hastelloy B 
blade a f t e r  28.75 hours ( l l 5  cycles) of operation are  shown i n  
figure 17.  These results are d y  qualitative  inasmch  as  they  repre- 
sent the change i n  q e a  of a single  blade compaPed w i t h   t h a v e r a g e  
area of the  Kastelloy'B  blades prior to  operation. The measurements 4 

of the  area of a S t e l l i t e  2 1  blade  after  ogeration did not indicate 
any meaweable  reduction in area. . .  - 
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Surface  Condition and Oxide Coloring of 

Blades and Blade  Fractures 

The S t e l l l t e  21  blade  surfaces a9ter 28.75 hours (US cycles)  of 
operation were coated  with a thin dark-gray  oxide and exhibited the 
"al l igator  skin" appearance character is t ic  of deformation i n  comse- 
grained  alloys, as described i n  reference 4 .  (See f i g .  18.) The 
Hastelloy B blade surfaces were coated  with a flaked dark-brown-to- 
purple  oxide and exhibited a s l i g h t  amount of  oxide p i t t i ng .  The 
fracture  surfaces of all HasteJloy B blades were coated  with a 
similar oxide pattern, a dark-gray oxide at the   f rac ture   o r ig in   tha t  
changed t o  a blue t e m p e r  color as the fracture progressed  across  the 
blade. Th i s  same color pat tern also existed on the fracture surface 
of S t e l l i t e  21 blade 25. The colorings of the fracture surfaces of 
S t e l l i t e  2 1  blades 1 and 3, however, were anomalous i n  that they w e r e  
en t i r e ly  a straw temper color. 

Hardness Distribution d o n g  Blades after Operation 

Typical  hardness-distribution  curves  are shown i n  figures 19  and 
20 f o r  the Hastelloy B and SteUite 2 1  turbine  blades,  respectively, 
after 28.75 hour- ( l l5  cycles) of operation. Each point on these  plots  
represents &tl average of three to five Rockwell-A hardness values. 
The hardness  distributions  in  the  blades that f a i l e d  were generally  the 
sane as those i n  figure 19. These plots   indicate  that the maximum 
hardness occurs around the  center of the airfoil section of the  blades. - 

The hardness of as-received  blades of these  alloys ranged from a 
Rockwell-A of 63 to 65 f o r   S t e l l i t e  21 and 55 to  57 for  Hastelloy B. 
Manufacturer's data on these a l loys  ind ica te   tha t  age hardening occurs 
at  1500' F ( the m&xlmLuL1 blade temperature i n  the  engine) and that the 
hardness  changes  observed at the  point  of m a x i m u m  hardness are of the 
order of magnitude that would be expected f o r  the times the blades were 
in   operat ion.  

DISCUSSION OF RESULTS 

B l a d e  Stress and Temperature 
. -. . . " 

Before a comp1ete"analysis of the results of this investigation 
c&z1 be m a d e  the stress and temperature  conditions t o  which the blades 
are  subjected  in  the  engine must be  established. E a r l i e r  investiga- 
t ions of temperature  distributions i n  turbine  blades  (reference 5) 
indicate   that   the  maximum blade  temperature  occurs  about a t  the middle 
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zone of the airfoil section of the  blade  or  about 2 inches from the 
top of the blade roo t .  Althmgh no temperature dis t r ibut ions are , 

available for the  gas  temperatures used i n  this ' invest igat ion,  meamre- 
ments a t  this laboratory of the maxim blade temperatwe at  rated 
speed  indicate that Tor average  gas  temperature of 1250' F (measured 
a t  the exhaust-cone nutlet) the maximum blade  temperature  reages from 
1450° t o  1500° P &pending on the  operating  characterist ics of the 
engine. The zone of.maximum temperature is generaYy  the  failure zone 
of the  blades in this engine.. From the  average  stress  distributions 
a t  ra ted speed for these al loys ( f ig .  4), the centrif'ugal stress a t  
the midpoint of the   a i r fo i l   sec t ion  of the  Hastelloy B blades i s  
established a t  25,000 pounds per  square inch and the S t e l l i t e  21  blades 
a t  21,000 pounds per squme inch. These 6tresee.s have been selected ... 

as the c r i t i c a l  stresses i n  the blades because  they O c W  a t  the 
eatimated zone of blade failure and the  point of maximum blade tempera- 
ture .  A t  the  midpoint o f .  the  blade  during  operation,  therefore,  the 
combined average s t r e s s  and maximum temperature  are 25,000 pounds per 
square  inch and X0Oo F for Hastelloy B a d  21,000 pounds per square 
inch and l50O0 F fo r  S t e l l i t e  2.1. 

Comparison of Laboratory and  Engine Tests 

The r e su l t s  .of the s $ r e s s - r y t u r e  e d  engine tests of the 
Rastelloy B and S t e U i t e  2 1  blades are c%.rJ-&-ed iilXlYav&lable  strength 
data for these a l l o y s  i n  figure 20. All the blade failures are   plot ted 
on this curve,  although some of.  the  failures  apparently were not of the 
stress-mpture  type, to determine if stress rupture might have con- 
t r i bu ted   t o   i n i t i a t ing   f a i lu re  even  though metallurgical  examination 
revealed no evidence of stress-rupture cracks. The design  stress- 
rupture data of the manufacturer for  Hastelloy B at 1500° F, although 
a heat  treatment  different f r o m  that of this investigation was uaed, 
compare favorably  wtth  the  results of the rupture t e s t s  on specimens 
cut from blades. A t  a s t r e s s  of 25,000 pounds per square inch,  the 
manufacturer's  data  indicate a rupture l i f e  of iZ hoUrSj the blade- 
specimens had rupture  Lives ranging from 10.3 t o  19 .2  hours, or within 
the range that might be  expected  from  the  manufacturer's data. I n  the 
case of the alloy S t e l l i t e  21, the   resu l t s  of the blade-specimen 
rupture t w t s  f a l l  within the  @tress-rupture band f o r  the alloy. For 
a maxiram blade  temperature of .15Oo0 F, the minimum rupture l i f e  of 
the  Hastelloy B blades at the average s t r e s s  of 25,000 pounds per 
square  inch wou ld  be 10.3 hours, the minimum rupture l i f e  of S t e l l i t e  21  
blades a t  the  average  stress of 21,000 p6Unds -per square inch would be 
2 1  hours. (minimum predicted  by . .  atrees-ruptu$e .. . b@d) . . 

- . . . . . . . . 

- ,. 

From the resu l t s  of the engine  operation,  the first Hastelloy B 
blade failuxe occurred i n  the &ailing e-Qe  of h lade 14 -after 
14.25 hours of operation or witbin the  range  predicted by the  stress- 
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rupture tests ( f ig .  2 0 ) .  This failure, however, could  not  be  classed 
86 a stress-rupture  failure  because  unlike a r u p t u r e   f d l u r e ,  it was  
t r ansc rys t a l l i ne   i n  its propagation and had a smooth fracture  surface.  
The failure started at a point on the  blade above the zone of c r i t i c a l  
stress and m a z i m u m  temperature (fig. 7) .  From the  nature of the 
fracture, therefore,  vdbratory  stresses were probably a principal 
cause of this first failure. After 16.75  hours of operation,  the 
majority  of the remaining  Hastelloy B blades  developed  intercrystalline 
leading-edge cracks chwac te r i s t i c  of the  s t ress-rupture   fa i lures  of 
the  blade specimens. Inasmuch as t h i s  operating t h e  w a s  within the  
stress-rupture failure times expected from operaking  conditions, these 
cracks  can  be  considered as evidence  of  the  beginning  of  blade  failure 
by s t ress   rupture .  The d is t r ibu t ion  of these cracks along the  leading . 
edge ( f ig .  ll(a)) suggests that corrosion or localized  hot zone along 
the leading edge may have  been par t ly   responsible   for  their formation. 
However, the correlat ion of the nature of the crack  propagation and 
the  time of the crack  formation with the  results of the stress-rupture 
tests on blade speclmens indicates  that  other  contributing  causes  such 
as corrosion are of less importance. As the  engine  operation  continued, 
t he  remaining  Hastelloy B blade fractures progressed from these  leading- 
edge cracks. The failures progressed  by two  mechanisms, fatigue and 
stress  rupture.  Hastelloy B blades 4 and 34 ( f igs .  l l ( b )  and I l (d ) )  
fractured after 18.47 hours of (1.72 additional hr) operation as a 
r e s u l t  of a condltion  favorable for fa t igue   f rac ture  having been set up 
by the leading-edge  cracks. The vibratory  stresses  in  the  blades were 
therefore  merely  propagating a failure originated  by stress rupture. 
In Hastelloy B blade 54 after 28.75 hours (12 additional hr) of opera- 
tion,  fracture  occurred  by  the  progression of the initial crack  across 
the  blade  continued  by a stress rupture following an in te rcrys ta l l ine  
path. Some of the  original  Hastelloy B blades w e r e  s t i l l  i n  operation 
a t  times i n  excess  of the predicted  rupture  l ife,  which would be 
expected  since a complete stress-rupture band fo r   t he   a l loy  was unavail- 
able, making tlie maxim b l a c e   l i f e  unknown. All but  three of the 
or iginal  27 Hastelloy B blades, however, had cracked or   f ractured a t  
the conclusion of operation,  indicating  that failure had started i n  all 
but  three blades. 

I n  the case of the S t e l l i t e  2 1  blades, the first blade failure 
(blade 25) occurred  after  16.75 hours, w h i c h  is below the  predicted 
rupture Ufe of 21 hours. Like the first hastel loy B failure; the 
f rac ture  started at  the t r a i l i n g  edge and was not of the character- 
i s t ic  stress-rupture  type inasmuch as it was t r ansc rys t a l l i ne   i n  its 
propagation and had smooth f rac ture   face ts .  Also l i k e   t h e  f irst  
Hastelloy B failuPe,  fracture started a t  a point above the  zone of 
c r i t i c a l   s t r e s s  and maximum temperature. As in   the  case of the first 
Rastelloy B blade, therefore, vibratory  stresses were largely  responsi- 
b l e  for this fracture .  A t  this same time (16.75 hr), in te rcrys ta l l ine  



cracking was detected in two S t e l l i t e  2 l b l S d e B .  The nature of 
this  cracking is  character is t ic  of the be@nn-l.nP of f a i i ~ . e  by Bkress - 
rupture. Because the f i rs t  cracked stell i te 21 blades inire reitioved 
from the  enginej  their   exact l ife cannot be determined. Htj-irever‘, 
because  seven of ten cracked B’EiStelloy B bl&€IEs l e f t  i n  the  engine a t  
the same t i m e  aperated f o r  1 2  additional hours wlthout  failure,  the 
cracked S t e l l i t e  2l.Elaaes W a  fjF6bably have Bera ted  for’ the  length 
of time predicted by t h e   d p t u r e  band berij%@ faling. A t  the  conclusion. 
of  operation,  Gtellite. 2 1  blades 1 -8 3 Were fractured. IiSsriaich hi3 
blades 1 &d 3 m e  closii3 t o  the fi?actWMi b l a e  54 (fig. 14), fail~e 
was probably  caused by impact  with  the u w e r  .hhlf of t& fractured 
blade. T b i s  mechanism of f a i lu re  I s  carr6barated by the fo l lo i&g  
fac ts :  (1) The fracture  surfaces m e  aot of the  stresd-rupture or 
fatigue  type, and (2)  the   f racture  surfad& We cdverda compietely 
with a l i g h t  straw color  indicating that the   ent l re   f racture   occurred 
a t  the same t i m e  and that   the   surfaces  Tieve &$osed for only a very 
short time. Because these  fa i lures  me the r e su l t  of eXtraardinary 
causes,  they will not  be corisiaefiea l h  ev-duating  the  perfoFmhce of 
alloy S t e l l i t e  21. The only  Saditioml  evidence of f a i l u r e   i n  
StellLte 2 1  at the cunaluijion uf operation were the two additional 
blades  that  had fbrmed intergranul&P EFCii3kS of the  stress-fupture  type 
after 28.75 h m s  of operation. 

F e 

Blade Creep 

The creep  characterist ics  af  the allays during engfne operation 
can  be  determined by examining the eloiigatiob me6 i n   f i g u r e  15. 
Ia the case of the Hastelloy B blades, when cracking s t a r t ed  at 
16.75  hburs  the €wO blades that were measured had an elongation i n   t h e  

HB6tellOy B blade 54 ( f ig .  16Cb) ), shows some evidence of third-stage 
creep at 16.75 k b r s  but this change i n  the v v e  may be  not signifi- 
cant inasmuch as the  same ef fec t  i n  blade 40 {fig.   16(a)) dld not con- 
time with  Further  operation. After 28.75 hoiirs of  crperatfon,  blade PO, 
the other measured blade, had a nidcinnxm elongation of 8 percent. 
Blade 54 fractured so tha t  no f i n d  elongation  data  could  be  determined. 
Unfortunately no data were available i n  the literature for  Hastelloy B 
to  check with  the data for   creep  character is t ics   in   the  engine. .  The 
zone of m a x i m u m  elongation veried in the two scribed  blades; i n  

blade 54 it was gage section 5 (f’rom 1- t o  11- in. from the  top of the 

root)  and in blade 40 it was gage section 4 (from lB 7 t o  28 in. from 

the  top of .the root ) .  These differences are probably the r e su l t  of 

gage section of greatest .stretch. of_ 3% xsrcent. -OB? ..measured. blafle, 

3 7 
8 8 

3 

.. 
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i s  probably  very  closely  associated  with  the  beginning of third-stage , 

creep irr the blades. The limited number of .  failures and the   fac t   tha t .  * .  
the  elongation of  anly two blades of each al loy was determined  prevent 
a more exact  prediction of the   re la t ion  between creep,  stress-rupture 
properides, and blade l i f e .  It should be.noted that the f irst  fa i lures  
of both the S t e l l i t e  2 1  and Hastelloy B blades were asomalous i n  the 
sense  that t-hey were.not of the  stress-rupture  type,  although  the Iu 

Hastelloy B blade did fail wlthin  the  time  predicted  by  stress-rupture 
tests. -The   s imi la r i ty   o f these  two fa i lures  is  apparently  significant. 
Both were probably  the result of vibratory  stresses superimposed on 
the  centrifugal  stresses.  These blades  represented  only 3.7 percent 
of each  blade sample, however, and therefore were n9t cha rac t e r i s t i c :  
of all blades of the  alloys. Any of the following factors  could have 
caused these  blades  to become susceptible  to  vibratory-stress  failure:  
(1) flaws in  blades not detectable by regular  inspection; (2) undetect- 
able  surface drtmage; and (3) umsual  vlbratory stresses. The cause of 
these  fa i lures  should be determined so that they can be  eliminated t~ 
al low  a l loys  to  perform as  turbine  blades to t he i r  full. l i f e  88 pre- 
dicted by their  elevated-temperature  stress-rupture and creep  properttes. . .  

N 
tr: 

It should 'be emghasized that the results of this investigation were 
obtained i n  a specific  turbojet  engine. With changes in  the  design of 
t h i s  engine,or i n  Qther  types of engine,  operating  conditions may pro- 
duce d i f fe ren t  results so tha t  a prediction  of material blade l i fe  may 
depend on properties  other  than  those  deterqin6 i n . t h i s  investigation. 

SUMMARY OF RESULTS 

The following r e s u l t s  Were obtained frw a cyclic  evaluation of 
t he   a l loys   S t e l l i t e  21 and Hastelloy B as turbine  blades i n  a 533-9 
engine at a r a to r  speed af 11,500 rpm and,a gas temperature a t  the 
exhaust-cone outlet of 1250° F. For these  operating  conditions, t he  
estimated  conditions in the zone of blade failure were a maximum 
temperature of 1500° F and a s t r e s s  of 25,000 pounds per  square  inch 
for  the  Hastelloy E blades and a s t r e s s  of 21, OOO pounds per square 
inch  for the S t e U i t e  2 1  blades. 

1. The expected minimum l i f e  of the  turbine  blades a t  the con- 
d i t ions   in   the  zone of blade fallure on the basis  of stress-rupture 
tests on specimens cut from turbine  blades was 10.3 hours for.  
Hastelloy B and 21 hours f o r   S t e l l i t e  21. 

2.  The f i r s t .b lade .  failure of the- H&s.telloy B blades  occurred . - 
a f t e r  14.25 hours- (.57 cycles).  The first 6telLi te  2 1  blade  failure - :. 

occurred after 16.75 hours (67 cycles) of operation. Both fa i lures  
s ta r ted  a t  the trailing ed$es above the zope- of.  maxirmLm temperature . 

and high s t r e s s  and Were probably the r e su l t  of excessive vibratory 
st resses .  . .  - .  . - . ." 
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3. Intercrystalline  cracking  of  the  stress-rupture  type was 
detected  in  both  alloys  after 16.75 hours (67 cycles). 

N 
W 
N 

4. Additional  failures  occurred  in  Hastelloy B blades  after 

resulted  from  the  propagation of the  prevlously  formed  intercrystallfne 
crack6 by both  fstigue  and  stress-rupture  mechanism. At the  conclusion 
of 28.75 hours of operation, 24 of the  original  27  Hastelloy B blades, 
w h i c h  had not failed,  had  stress-rupture-type  cracks. 

rl 18.47 hours (<74 cycles)  and  28.75 hours ( l l 5  cycles).  These 

5. No additional  Stellite 21 failures  occurred up’to 28.75 hours 
(115 cycles)  except two blades  that  were  fractured by impact with  the 
fractured half of a Hastelloy B blade.  At  the  conclusion of 28.75 hours 
of operation, four of the  original 27 SEUite 21  blades  had  stress- 
rupture-type  cracks. 

Lewis  Flight  Propulsion  Laboratory, 
National  Advisory  Committee  for  Aeronautics , 

Cleveland, O h i a .  - 
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Figure 1. - Turbine ro to r  a? Timken alloy before operation, alternately bladed wlth 
Haetelloy B and StelUte 21 turbine. bladee. 
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Figure 2. - Location of scribe  marks on convex side of  
turbine blade f o r  measurement of elongat ion.  
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Figure 3. - Blade stress-rupture specimen and zone 
from which specimen is machined. 
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Figure 4.  - Average c e n t r i f u g a l  stress d i s t r i b u t i o n s  in Has te l loy  B and 
S t e l l i t e  21 tu rb ine   b l ade8  a t  rotor speed of 11,500 rpm. 
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Figure S. - Intercrystalline fracture In Hastellog B atress-rupture specimen. Etched in 
solutfon af aqua regia in glyoerlne, X50. 
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~igure 6. - Intercrystalline fracture in Stellite 21 stress-rupture specinen. Electro- 
lytically etched in ~ 0 1 ~ % i m  of 10-percent nitric acid and 10-percent  ethylene glywl 
in ethyl alcohol. X50. 
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. 

F&ure 7. - Tn%iU.ng-edge arack 1n.Eastel.log B blade 14 after 14.25 hours (57 oyolee) 
of operation. (Fracture .s&ace of crack at X5 shown In inset .) 
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Figure 8. - -crystalline trailing-edge crack Fn ILasfelloy B b l a h  14 after 14.25 hours 
(57 cycles) of operation. Etchant, aqua regia in glycerine. X250. 
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(a) Blade  25 fractured after 16.75 home (67 oyclea) of operation. 

Figure 9. - Fxzctured StelUte 21 blades, 
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(b) Blade 3 fractured af ter  28.75 hours (1W cyoles) ( c )  Bhae 1 fractured af ter  28.75 hours (115 cycles) 
of  operation. d operation. 

Figure 9.-Canoluded. Fract;lred Ste l l i t e  21 blades. 
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c- 27220 

F&ure LO. - T r a n s c ~ t a l U n e  path in Stel l l te  2 1  fracture blade 25 after 16.75 hours 
(67 Cgclea) of operation. Electrolyticrrlly etchea in 10 percent nitric acid and 10 
p r o e n t  ethylene glycol. X50. 
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(a) Blade 52 after 28.75 hours (1s (b) Blade 3 fractured after 28.75 hour6 
C y C b 6 )  Of O p ? X l t i a .  (115 oyoles) uf operation. 

(0) Fracture surface of blade 4 (fig. l l (b)) .  X2. \=iiE7 

C- 27 2 16 

F i g u r e  U. - Frectwed and clacked IEastelloy B blades. 
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. 

(a) B l a b  34 after 18.47 hours (74 oycles) (e) Blade 54 fraotured after 28.75 houra 
d operatian. (us cyoles) ap operation. 

Figure 11. - Concluded. FraCtured.8nd oracked IIaatelloy B blades.  



HACA RM E5lD16 

(b) X250. 

Figure 12. - T y p t c a l  lntercryetalline lea--edge cracks in Eaetelloy B blades. Etchant, 
aqua regia in glycerine. 



30 NACA RM ~ 5 ~ 1 1 6  

c -  

C- 27219 

(b) Transcryst8lUn.e failure path in zone of fatigue of cracked blade 34. X100. 

Figure l3.-F~lL~re m e s s i o n  in Hastelloy B blabee. Etchant, aqua regia in glycerine. 
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Cyoles Hours at   rated 
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Dletanoe from root, In. 
(a) Hastalloy B blade 40. 

Figure  15. - Elongation  dlstrlbutlms along tupblne blades. 



NACA m 331~16 33 

. 
. .  . 

- 10 

0 1 2 3 4 5 6 7 
Owe section on blade 

I 
0 

I 

I 
I I I 

Distance from m t ,  In. 
2 3 4 

(b) Hastalloy B blade 54. 
Figure 15. - Continued. Elongation  dlstrlbutlans  along  turbine blades.  
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(a) Stelllta 21 blade 27. I 

0 1 2 . .  s 
Diltance from mot. in. 

4 

(d) S t e l l i t 8  21 blade 13. 
Figure 15. - Conoluded.  Elongatlon  distributions along turblns blsdee. 
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35 

Figure 16. - Blade elongation during t u rb ine  operation for 
those sections having greater than  1 percent elongation. 
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(b) Hastelloy B blade 54. 

Figure 16. - Continued. Blade elongation during t u r b i n e  operation 
f o r  those sec t ions  having  greater than  1 percent e l o n g a t i o n .  
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" I  ( c )  S t e l l i t e  21 blade 27. 
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(a) Ste l l i t e  21  blade 13. 
Figure 16 .  - Concluded. Blade  elongation during turbine  operation 

f o r  those sections having  greater than 1 percent elongation. 
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Distance  from top of blade roo t ,  In. 

Figure 17. - Reduction in area 11, Hastelloy B blade after 
28.75 hours (115 cycles) of' operation. 
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~OO+AG 0 Stress-rupture data on 'specimens  cut from blades 
a Blades badly cracked or fractured In engine 
0 Blades with small stress-rupture cracks 80. 

60 blade (heat-treated 30 m i n  at 2125O Fa air- 
-"" Stress-rupture data of manufacturer f o r  forged 

- Stress-rupture band from reference 6 for aa-cast cooled;  heated 72 hrs at 1700° F a  air cooled) 

specimens from same mold 

(a) Hastelloy B blades. . 
Q 
m 
P) 
k 
.e 
m 

Rupture time, hr 
( b )  Stcllite 21 blades. 

Figure 20. - Comparison of stress-rupture properties and englne blade life at 
temperature of 1500' F for alloys Hastelloy B and Stellite 21. 




